From August 11 to 22, 1993, a conductivity-temperature-depth/acoustic Doppler current profiler survey was carried out in the Somali--Socotra region to investigate currents and transports associated with the Great Whirl and Socotra Gyre circulation during the height of the summer monsoon. The monsoon circulation was confined to the upper 300 rn depth, with intense surface currents up to 2.2 rn s -• in the Great Whirl and up to 1.4 rn s -• in the Socotra Gyre. Deeper-reaching flow was found in the northwestern part of the Somali Basin and in the passage between the shelf of Somalia and Abd al Kuri. The Great Whirl transport was 58 Sv, of which nearly 25% were due to ageostrophic flow components. The northern part of the Great Whirl thereby appeared as a closed circulation cell in which the offshore transport was balanced by a southward transport of the same magnitude. Upwelled water was advected from the cold wedge of the upwelling regime at the Somali coast along the edge of the gyre. The water in the center of the gyre had the characteristics of Indian Equatorial Water (IEW). The Socotra Gyre carried 23 Sv of modified Arabian Sea Water (ASW). With the ttansports in the two anticyclonic gyres nearly balanced, the exchange of water masses between the Somali Basin, west of the Carlsberg Ridge, and the Arabian Sea occurred in two areas; about 16 Sv of warm and saline surface water of southern offshore origin entered the northern Somali Basin within a 120-km-wide swift current between the Great Whirl and the Socotra Gyre. The other key region for the exchange of water masses was the passage between Somalia and Abd al Kuri. There, the total northward transport was 13 Sv, with contributions of IEW, of upwelled water close to the surface, and ASW underneath.
Earlier transport estimates of the Great Whirl were derived by shipboard acoustic Doppler current profilers (ADCPs) [Schott and Fieux, 1985] , Pegasus [Leetmaa et al., 1982] , and by geostrophy relative to 400 dbar from expendable bathythermograph (XBT) lines [Bruce, 1979] . In October 1984 the Great Whirl transport within the upper 250 m was 33.5 Sv (1 Sv = 10 6 m 3 s -]) westward between 6 ø and 8.5øN and 31.6 Sv eastward between 8.5 ø and 11.5øN [Schott and Fieux, 1985] . With no Global Positioning System (GPS) available and irregularly spaced satellite transit fixes there might have been an uncertainty of several sverdrups. Furthermore, the measurement range was restricted to the upper 250 m and possibly missed a significant fraction of the total Great Whirl transport.
The transport of the Great Whirl increases considerably during the development of the summer monsoon. For the summer of 1978, Bruce et al. [1980] estimated the offshore geostrophic transport to increase from 15 Sv in May to 33 Sv in early July. The volume transport during the later stages of the monsoon, August and September, was even larger. For three consecutive summer monsoons (1975 to 1977) , Bruce [1979] estimated 38 to 42 Sv offshore transport north of 8øN relative to 400 m depth. The basis for the transport calculations were XBT sections and a mean TS relationship to calculate dynamic topography. The author mentioned a comparable return flow between 4 ø and 8øN. Hence the Great Whirl transport usually is much larger than the cross-equatorial flow, which has a mean summer monsoon transport of 21 Sv [Schott et al., 1990] .
Two other areas are noticeable in the context of this paper. To the northeast of the Great Whirl a third anticyclonic eddy is commonly found during the summer monsoon. For this eddy, referred to as the Socotra Gyre, Bruce [1979] estimated the transport to be in the range 9-15 Sv. The second area is the passage between Cape Guardafui and Socotra, which might be important for the exchange of water masses between the Somali Basin and the Arabian Sea. Surface drifter trajectories sometimes indicate northward flow through the passage [Molinari et al., 1990]. Bruce et al. [1980] found the offshore transport across a near-coastal (Somalia) XBT line to be 7.5 Sv larger than across a nearly contemporaneous section passing Socotra to the east, suggesting a northward throughflow between Somalia and Socotra.
Detailed measurements
of the flow field and water masses off northern Somalia during the later stages of the southwest monsoon are sparse, and it is the focus of this paper to give a detailed description of the currents and transports during the height of the summer monsoon. The measurements were carried out within 11 days around mid-August 1993 as an attempt to get a synoptic image of the circulation pattern during that period. More specific questions addressed here are as follows: Is there a contribution of the near-surface flow from the Somali Basin to the Arabian Sea and what are the routes? Which water masses were involved in the near-surface circulation? A discussion about the kinematic contributions to the currents and transports, such as Ekman transport, geostrophy, and the importance of nonlinear components of the current field, will be included.
Observations
The observations were carried out with R/V Sonne during August 1993 in the area 6øN to 15øN and west of 60øE to the Somali economic zone (Figure 1) . The time period was August 11 to 22, during the late summer monsoon of 1993.
Shipboard ADCP data were continuously sampled at a rate of one mean profile per 5 min. For most of the time the range of good measurements was from 25 to 400 m depth. The overall data quality was good, with some problems due to a 10øN is associated with the offshore retroflection of the Great Whirl, and out of this wedge a cold water filament extended more than 500 km offshore. The existence of two cold wedges suggests that at the time of the survey the "two-gyre system" [Swallow and Fieux, 1982] was still existing. Another interesting feature was a warm SST anomaly between the Great Whirl and the Socotra Gyre which was observed on August 18 in the latitude range 5øN to 12øN. One week earlier, this feature was not present, at least not as such an organized pattern. Following Wyrtki [1971] , the TS range of the near-surface layers is bounded by low-salinity waters originating from the equatorial Indian Ocean (IEW) and the Arabian Sea (ASW) at the high-salinity end (Figure 3 The spatial distribution of the surface water masses is revealed by different symbols (Figure 2a , inset). IEW was found inside the Great Whirl circulation (triangles). Somali upwelled water was associated with the low temperatures and salinities along the rim of the Great Whirl. West of the Great Whirl and within the Socotra Gyre, the surface water masses were dominated by ASW (circles). A second area with relatively cold but saline water was found north of Socotra, suggesting that this water originated from the upwelling region off Yemen and Oman [Wyrtki, 1971] . I I I I • I I I I I • ,I I I I I t I I I I I • I I I I I • I I I I I' I I I I I T I I I I I I I I I I P I I I (Figure 3, station 81) . However, the salinity in the Socotra Gyre above fro = 25.0 (Figure 3, stations 77 Gyre (Figures 7c and 3, station 77) , which most likely originated in the northern Arabian Sea.
and 81) was somewhat lower than that found in the open Arabian Sea, suggesting a contribution of IEW to the upper layer of the Socotra Gyre circulation. Below that density a high-salinity, low-oxygen inflow from the east was observed into the southern part of the Socotra
Generally, isotherms and isohalines are shoaling from south to north (Figure 7) , with the coldest surface water (19 < 24øC) at about 14øN. Salinities of 35.8 near the surface indicated that this water was not upwelled water from the Somali coast but had to be advected from elsewhere, presumably from the coast of Yemen.
Water Masses and Currents in the Intermediate Layer
The intermediate depth range, 200 to 800 m, underneath the intense monsoon circulation, was characterized by water masses of different origin.
The shallow O• minimum. The shallow 02 minimum described by Wyrtki [1971] as originating in the northern Arabian Sea was found in the Socotra Gyre (Figure 7c) , where it circulated with the deeper part of the anticyclonic circulation.
Farther south, at 8øN, it was confined to the area east of the Great Whirl (Figure 4c) . The shallowest depth of the 02 minimum was found at the Great Whirl edge, presumably generated by frontal upwelling, as will be discussed later.
The Figure 4c ). Besides the core of high-oxygen water underneath the Great Whirl (Figure 5c, south of 9øN) , a 40 downward extension of oxygen-rich water was observed at 53øE, south of 10øN (Figure 5c ) as part of the deep reaching cyclonic flow (Figures 5a and 5b) and was also found farther north in the onshore part of this flow pattern. From there a small portion was leaking into the passage between Somalia and Abd al Kuri (Figure 6) . 10
The 
Transports
Transports were mainly derived from shipboard ADCP data and from LADCP data where intense currents were reaching deeper than 400 m. Near-surface transports for both data sets were estimated by upward shear extrapolation from the first reliable current measurement at 25 m depth (shipboard ADCP) and from about 40 m depth for the LADCP data set. Geostrophic transports were calculated for comparison with the directly measured currents and for closing transport boxes. Ekman transports were estimated from ship winds measured by the ship's meteorological station.
The Great Whirl
The total transport of the Great Whirl was estimated from the shipboard ADCP data along the section from the southernmost point at 6ø30'N to about 12øN, corresponding to stations 51 to 67. This section covered nearly one quadrangle of the Great Whirl; it showed zero zonal velocity at the southern end and cut the periphery of the Great Whirl at about 10øN.  The gyre center, estimated from the structure of the current  field, should be located near 6.5øN, the latitude of near-zero  zonal current, and some tens of kilometers to the west of the   ship track. The cross-section transport (Figure 8a) The northward component of the transport was 9.7 Sv between stations (67-71) and 13 Sv when extrapolating the currents toward the topography. For the extrapolation a twodimensional Gaussian weighting function was used, and because of weak horizontal shears (Figure 6a) , the extrapolated currents showed almost no decay toward the topography, i.e., representing an upper limit for the transport through the passage. As a second approach, we assumed the current to decay linearly toward the topography, yielding a northward N (Figure  7) , 9.5 Sv entered the Socotra Gyre from the east, leaving a deficit of 13.5 Sv. As an estimate of additional eastward inflow into the Socotra Gyre, the geostrophic transport determined between stations 40 and 77 yielded 13 Sv.
The uncertainty of this transport could be estimated by consideration of the ADCP errors and by comparison with geostrophic transports. Geostrophic transports relative to 400 m for the entire section from 10ø10'N to 13øN were 12 Sv eastward, thereby about 10% less than the ADCP transport over the same latitude range. This difference could be either explained by the missing Ekman contribution in the geostrophic estimate or by inaccuracies of the ADCP data, both of which had the same magnitude. Therefore 23 _+ 2 Sv should serve as a good estimate for the total transport of the Socotra Gyre. Between 13 ø and 14ø10'N, currents were to the east, advecting 8 Sv of cold but relatively saline water across 56ø30'E into the central Arabian Sea.
Transport Budgets
Transport budgets for the upper 400 m (Figure 9) were calculated for three boxes, assuming that the measurements were synoptic. Transports by depth layers (Figure 8) showed that there was no net contribution from the 200-400-m depth range, indicating that no significant fraction of the monsoon circulation has been neclected by limiting the budgets to the upper 400 m. Further, at some sections there were no CTD measurements, e.g., along the shelf of Socotra, preventing us from calculating budgets for isopycnic layers. Some gaps in the ship track were closed by geostrophic transports relative to 400 dbar, and for some sections, geostrophic transports are shown for comparison.
The western (boundary current) box was defined from 57øE along 8øN to the 53øE section, then northward to 12øN, across the passage and along the Socotra shell then southeastward to the southern end of the 56ø30'E section. This left a 250-kmwide gap along 57øE through which the transport from the shipboard ADCP was unknown but was determined to be 13 Sv by geostrophic calculations. Accumulating the inflow across all sections, a total of 71 Sv entered the box compared to an outflow of 73.5 Sv. The deficit was only -2.5 Sv, and with an uncertainty of about 6 Sv for the whole box, as discussed earlier, this imbalance was not significantly different from zero. Another important aspect was the balance of the warm water inflow and outflow. With the assumption that ASW entered the area through the gap north of 8øN the total ASW inflow was about 29 Sv. Only 13 Sv were found to leave the box eastward with the Socotra Gyre circulation. With the Great Whirl circulation in close balance the remaining 16 Sv of warm water could only have left the box through the northwestern boundary. Some evidence of an ASW contribution was found north of the Great Whirl, where the near-surface salinities were high (S > 35.6) and showed a pronounced vertical gradient in about 100 m depth. There was also evidence of some ASW contribution at the eastern side of the passage and to the flow across the Socotra shelf (Figures 2a and 6b ).
For the Socotra Gyre a separate balance was calculated (Figure 9) . The eastern part of this box was already discussed, with 12-13.5 Sv eastward transport across 56ø30'E. To balance this, 3.5 Sv entered the box from the south; the geostrophic transport across this section was twice as large (7 Sv). From the west the inflow was 4 Sv (4.5 Sv from geostrophy). The northern boundary was closed by the geostrophic transport of 2 Sv between stations 72 and 82. Such a small inflow was supported by the SST pattern showing colder SSTs to the north and no disturbances at the northern periphery of the Socotra Gyre. 
Discussion
At the time of the experiment, mid-August 1993, the flow field of the northern Somali Basin was dominated by two large anticyclonic eddies, the Great Whirl and the Socotra Gyre.
Currents associated with the monsoon circulation were surface-intensified and not reaching deeper than 400 m, with most of the transports confined to the top 200 m. The total Great Whirl transport of 58 Sv was considerably larger than found in geostrophic calculations of earlier experiments for a similar period. Transports of the Socotra Gyre were also large compared to earlier findings. An area average (5ø-15øN, 50ø-60øE) of the monthly FSU pseudo wind stresses [e.g., Legler et al., 1989] showed that the intensity of the summer monsoon 1993 (June-August) was similar to the long-term mean (averaged over the years 1970-1993). The summer monsoon 1993 has therefore to be considered as typical. Further, by comparing the 1993 monsoon with the monsoon intensity of the years 1975-1977, i.e., during the period of the observations described by Bruce [1979] , it appeared that the winds were somewhat weaker in 1975, about similar in 1976, and more intense in 1977. The large transport differences reported here compared with those reported by Bruce [1979] could therefore not be explained by differences in the monsoon intensity, but there must be other reasons.
Water masses inside the Great Whirl showed the characteristics of IEW (Figure 3) . The inshore boundary of the Great Whirl was marked by a wedge of cold upwelled water near 9øN (Figure 2b) , and a filament of this water was found more than 500 km offshore along the edge of the Great Whirl. However, owing to the complete retroflection of the Great Whirl north of 8øN, the direct exchange of water masses involved in the Great Whirl circulation with the central Arabian Sea was small (Figure 9) .
An important region for the water mass exchange was the shallow shelf west of Socotra and the trench between Abd al Kuri and the shelf of Somalia. Through this area about 13 Sv of upper layer (0-400 m) water left the Somali Basin. The TS structure showed that this water was a mixture between ASW and IEW (probably modified due to coastal upwelling).
Water masses within the Socotra Gyre were mainly ASW, including the band of high-salinity and high-temperature water entering the eddy from the west. It appeared that some of the ASW left the Socotra Gyre circulation and was found near 53øE, 10øN. North of the Socotra Gyre, a different water mass, presumably upwelling water from the coast of Yemen/Oman, was advected eastward with a volume transport of 8 Sv, while closer to the Oman coast, the currents were weak, with alternating directions, and the transport was small (about 5 Sv eastward).
Eklnan Transport
The (Figure t0 ).
The conclusion is that nonlinear contributions have to be considered in the determination of the Great Whirl transport and the much smaller geostrophic estimates [e.g., Bruce, 1979] compared with those reported here could be explained by the neglected nonlinearity of the flow field. Even larger differences between the direct observations and geostrophy were found along 8øN for the Great Whirl return flow (Figure t t) . In this area the curvature contribution was relatively small (U/fR < 0.2) and could not explain the difference between geostrophic and directly measured currents at the edge of the Great Whirl (Figure t 1) Figure 12 ).
Frontal Downwelling
In August 1993 the observed 0 2 content in the intermediate maximum near 300 m depth was much higher (02 > 2mL L -q) than the climatological mean in the area; this could also be found in individual sections through the Great Whirl in other years [Wyrtki, 1971] . Assuming that the observed 02 anomaly was generated by frontal downwelling at the edge of the Great Whirl and then spreading along isopycnals in the thermocline, we were able to estimate the vertical velocity needed to generate the anomaly. The volume of this anomaly, determined by the size of the Great Whirl (650-km diameter) and the layer thickness (--• 100 m), was of the order of 3 x 10 4 km 3, and with a time period of 60 days, passed by since the development of the Great Whirl, a vertical transport of 0.005 Sv was needed to produce it.
Could this have been generated by downwelling in a narrow band along the edge of the Great Whirl? Two horizontal scales were important in this context; the first was the width of the relative vorticity maximum (order 10 km, Figure 12 ). In the area of positive (cyclonic) relative vorticity the isolines of oxygen, salinity, and density showed downward displacement, while to the east, in the area of negative (anticyclonic) relative vorticity, the isolines were displaced upward. This is consistent with theory and 
